Thompson JV, Jeanne JM, Gentner TQ. Local inhibition modulates learning-dependent song encoding in the songbird auditory cortex.
EXPERIENCE, INCLUDING SENSORY deprivation during development and sensory-guided learning in adults, can profoundly alter neural encoding in the brain (Buonomano and Merzenich 1998; Feldman 2009; Galindo-Leon et al. 2009; Weinberger 1995; Woolley et al. 2010 ). In the auditory cortex, this experiencedependent plasticity plays a causal role in the ability to learn new associations and concepts (Reed et al. 2011) . The circuit mechanisms that underlie experience-dependent changes to sensory encoding are only beginning to be understood but are thought to be tightly regulated by changes in inhibitory circuitry (Feldman 2009; Hensch 2005) . During postnatal development, the maturation of inhibitory circuitry initiates the critical period for monocular deprivation plasticity in the visual cortex (Hensch et al. 1998) , and responses to the deprived eye are weakened through strengthening of inhibitory synapses (Maffei et al. 2006) . Changes in inhibition also shape the frequency tuning of primary auditory cortex during critical period development (Dorrn et al. 2010) , and inhibition shapes the visually calibrated spatial tuning of neurons in the inferior colliculus of juvenile barn owls (Zheng and Knudsen 1999) . In adults, inhibition mediated by GABA sharpens receptive fields (Dykes et al. 1984; Jacobs and Donoghue 1991; Ramoa et al. 1988) , controls response gain (Ingham and McAlpine 2005; Katzner et al. 2011) , and enhances neural selectivity (Wang et al. 2000) . Moreover, learning influences the molecular regulation of GABA (Gierdalski et al. 2001 ) and GABA receptors , strengthens inhibitory synapses (Tokarski et al. 2007) , and drives inhibitory synaptogenesis (Jasinska et al. 2010) . However, how GABAergic inhibition shapes learningdependent sensory encoding of natural signals in the adult cortex is not well understood.
Here, we examine the functional role of local inhibition in shaping learning-dependent sensory representations in adults. In songbirds, auditory experience changes the representations of conspecific songs in multiple regions throughout the auditory forebrain (Gentner and Margoliash 2003; Jeanne et al. 2011) . Following song-recognition learning, neurons in the caudomedial nidopallium (NCM), a large forebrain area analogous to mammalian auditory cortex (Vates et al. 1996) , show increasingly weaker responses to learned (compared with unfamiliar) songs along the dorsal-ventral axis (Thompson and Gentner 2010) . This results in a functional response gradient across NCM, with learned and unfamiliar songs evoking similar responses at dorsal sites, whereas responses to unfamiliar songs are much stronger than those to learned songs at ventral sites. A large proportion of the neurons in NCM are inhibitory, and blocking GABA A receptors in NCM disrupts the temporal profile of the auditory response (Pinaud et al. 2004 (Pinaud et al. , 2008 . To understand how GABAergic inhibition influences learningdependent neural encoding, we manipulated local inhibition in NCM of European starlings trained to recognize controlled sets of conspecific songs. We found that inhibition masks an underlying excitatory preference for learned songs and enhances neural discrimination of behaviorally relevant song categories in dorsal NCM, while finding no major effects in ventral NCM. These effects arise, in part, by a reduction of responses to specific song features that contributes to neural selectivity but not from changes to average spectrotemporal tuning.
MATERIALS AND METHODS

Subjects. Experiments used 10 adult European starlings (Sturnus vulgaris)
, wild-caught in southern California. Both sexes were included in these studies, as previous studies show that similar experience-dependent changes accompany song-recognition learning in both males and females (Gentner and Margoliash 2003; Thompson and Gentner 2010) . Starlings were housed in a large, mixed-sex flight aviary with free access to food and water until behavioral training began. Light-dark cycles were synchronized to natural photoperiods in the aviary and during behavioral training. Prior to behavioral training, all song stimuli were unfamiliar to the subjects. All procedures were conducted in accordance with the American Physiological Society's Guiding Principles in the Care and Use of Animals, under protocol number S05383, approved by the University of California, San Diego, Institutional Animal Care and Use Committee.
Behavioral training. We trained starlings to recognize the songs of conspecifics using operant conditioning techniques, described in detail previously (Gentner and Margoliash 2003) . Briefly, starlings were isolated in a sound attenuation chamber (Acoustic Systems, Austin, TX), equipped with an operant panel and food hopper (see Fig. 1A ). Starlings learned to use the operant panel and food hopper through a series of successive shaping procedures. Custom software monitored peck responses and controlled the food hopper, lights, and stimulus presentation.
Each starling learned to recognize two songs from two different conspecific individuals (four songs total), performing trials freely throughout the day (from sunrise to sunset). A trial was initiated when a starling pecked the response port, triggering the presentation of a song from a speaker mounted inside of the chamber. Songs were chosen randomly (with replacement) on each trial from all of the training songs. After the song, the starling had to either peck the response port within 2 s for the songs of one individual (go trials) or withhold a peck response for the songs of the other individual (no-go trials). Responses on go trials were reinforced with 2 s of access to the food hopper. Responses on no-go trials were punished with a short timeout (10 -60 s), in which the lights were extinguished, and food was unavailable. Starlings trained for a total of 70.3 Ϯ 27.6 days, performing a total of 346.3 Ϯ 151.8 100-trial blocks.
Song stimuli were 5-s segments of continuous singing from longer song bouts. We used songs from four different adult male starlings (eight total), which were captured and recorded in Maryland, ensuring that the songs were initially unfamiliar to the subjects in this study. For each subject, we used four songs for recognition training and saved four additional songs to be used as unfamiliar stimuli during electrophysiological testing. In some initial experiments (four subjects), we used longer segments of songs ranging from 8 s to 11 s. We found no differences in the results between starlings trained with shorter or longer songs. We counterbalanced the assignment of the same eight songs as either training or unfamiliar stimuli across individuals, such that the same song was used as a learned and unfamiliar song the same number of times. This design allows us to compare the responses of single neurons to multiple stimuli with different behavioral relevance. For any single neuron [or multiunit (MU) site], one cannot dissociate response differences due to acoustics from those due to learning. Across the population, however, our counterbalancing does permit this dissociation, because the same exact songs have different behavioral relevance for different animals and recording sites.
Electrophysiology and microiontophoresis. In the days preceding electrophysiological recording, we anesthetized the starlings with isoflurane and attached a small pin stereotaxically to the surface of the skull, after which, starlings were allowed to recover. On the day of recording, we anesthetized the starlings with 20% urethane (7-8 ml/kg, in three to four intramuscular injections over 2-4 h). Starlings were then placed in a cloth jacket and secured via the attached pin to a stereotaxic apparatus inside of a sound attenuation chamber. A small craniotomy was made just dorsal to NCM, the dura removed, and electrodes advanced into NCM. All neural recordings and iontophoresis were performed with commercial multibarreled glass pipettes containing a carbon fiber electrode (5 m diameter; 400 -1,200 k⍀ impedance) and six attached barrels (ϳ3 m diameter) for drug microiontophoresis (Kation Scientific, Minneapolis, MN). Recordings were made over the course of 1 day, between 9 AM and midnight. In each experiment, we filled pipettes with NaCl (0.9%) for capacitance compensation and the GABA A receptor antagonist gabazine (SR95531, 3 mM, pH 3.2; Sigma Aldrich, St. Louis, MO). Through the microiontophoresis amplifier (NPI, Tamm, Germany), we applied retaining currents from Ϫ5 to Ϫ10 nA and ejection currents from 25 to 50 nA to control drug application. The gabazine concentration and iontophoresis parameters were chosen to match those in a previous study (Kurt et al. 2006) . No bursting or epiletiform activity was induced at these ejection currents. In a subset of experiments, we also ejected GABA (1 M; Sigma Aldrich) and the GABA B receptor antagonist saclofen (20 mM; Sigma Aldrich). Application of GABA (n ϭ 15 sites) significantly reduced evoked spike rates (P ϭ 0.012, paired t-test) but had no effect on any of the learning-dependent measures reported here. Application of saclofen (n ϭ 5 sites) similarly had no effect on any of these measures. The combined application of gabazine and saclofen (n ϭ 12 sites) did not elicit responses different from those during application of gabazine alone. Spike2 software (Cambridge Electronic Design, Cambridge, UK) was used to play song stimuli, record extracellular activity, and sort spike waveforms offline following methods described previously (Jeanne et al. 2011; Thompson and Gentner 2010) .
To search for responsive sites, we played the four songs that the starling learned to recognize and four songs that were unfamiliar. Unfamiliar songs were songs that the starlings had never heard before the electrophysiological experiment. Once an active site was located, we recorded responses to the four learned and four unfamiliar songs. We used the same set of eight songs at each recording site and each block. At each site, we began by recording a baseline block of responses to each song with inhibition intact and retaining current applied to the pipette. Blocks contained 10 repetitions of each song presented pseudorandomly, with a 4-s interstimulus interval. Block duration was 776 s or 1,187 s for short and long songs, respectively. Three sites contained only five repetitions of each song. Immediately after the initial block ended, we applied the ejection current to the pipette containing gabazine to initiate microiontophoresis of the antagonist. One minute later, we presented a second block of song stimuli identical to the baseline block (eight songs, 10 repetitions each, pseudorandom order). We then switched back to the retaining currents on the pipette to stop iontophoresis, waited 1 min, then began a third, "recovery" block with same stimuli and presentation protocol as in the first two blocks. Complete recovery (determined as the time after three consecutive recovery trials elicited firing rates within two SDs of the mean baseline rate) occurred after an average of 230 s (minimum: 98 s; maximum: 940 s). In experiments where we also recorded the responses during iontophoresis of GABA or saclofen, we also presented stimuli in blocks of 10 repetitions/stimulus with 1 min between blocks. In some initial experiments (four subjects), we did not wait 1 min between blocks. We found no major differences in the data collected from experiments with or without the 1-min interblock intervals. We matched the intensity of all songs at 68 dB peak root mean square at the center point of the subject's head and presented them free field. At the end of the recording experiment, we made a small electrolytic lesion to assist in postmortem histological placement of recording sites.
We note that the volume of drug released by current, even with our standardized pipettes and fixed concentrations, depends on a number of parameters that are very difficult to control in vivo (Lalley 1999) . The randomly interleaved stimulus presentation, however, ameliorates the impact of any such differences because any variability in drug delivery is distributed evenly between learned and unfamiliar songs, on average. Thus each site serves as its own control for all effects described here except those comparing differences between dorsal and ventral NCM. In addition, because the iontophoresis pipette can become blocked while in the brain, we used a physiological assessment to ensure that drug delivery was successful. Delivery was considered successful at a particular site if the average song-driven firing rate during iontophoresis was significantly different (either higher or lower) from the firing rate prior to iontophoresis. Sites with no significant difference were included as long as subsequently recorded sites along the same penetration showed significant differences, indicating that the pipette was not blocked. Three of the 100 total sites were omitted because we could not ensure successful drug delivery. An additional six of 100 sites were omitted because firing rates did not recover (or partially recover) after drug delivery was stopped. Inclusion of these nine sites does not alter any of the results reported here.
Histology. After the recording experiment, we injected the starlings with a lethal dose of Nembutal. The starlings were then decapitated, and the heads were fixed in 10% neutral-buffered formalin. After several days, we transferred the brains to 30% sucrose PBS for cryoprotection. We sectioned the brain into 50-m sections and stained for Nissl. All sites reported here were determined to be within NCM by comparing their positions relative to the electrolytic lesion and to the anatomical boundaries of NCM. For purposes of comparison with previously published work (Thompson and Gentner 2010) , we defined an operational border between dorsal and ventral NCM at 2,580 m from the dorsal surface of the brain, roughly bisecting NCM at the midpoint of its longest dorso-ventral axis. The functional and anatomical significance of this division is explained in RESULTS and DISCUSSION Data analysis. All recordings were sorted offline into single-unit and MU sites using Spike2 software. A site was considered a single unit only if there was a high signal-to-noise ratio, and the waveform was clearly distinct from other spikes. Single-unit sites were sorted using template matching and had few interspike-interval (ISI) refractory-period violations (ISIs of Ͻ2 ms accounted for Ͻ0.5% of all ISIs for each unit). The same spike-sorting parameters were used for each microiontophoresis condition at each site. Most of our recordings did not meet the criteria for single units and were considered MU sites (dorsal: nine single units, 46 MUs; ventral: four single units, 32 MUs). These sites were typically made up of several waveforms that could not be separated confidently. For MU sites, we set a spike threshold that was above the noise floor and counted events above the threshold. We used the same threshold for spikes collected in all microiontophoresis conditions for each site. Spike times were exported to MATLAB (MathWorks, Natick, MA) for all subsequent analyses.
Spontaneous firing rates for each site were computed as the mean rate of spikes in the 2-s period before the onset of each song stimulus. Mean-driven firing rates for each song stimulus were computed as the mean number of spikes observed during presentation of that song divided by the song duration. For analyses where we consider differences in responses across stimuli (see Figs. 1-3) , we normalized for the variability in the firing rates between different sites by converting the firing rates of each site to z-scores. In all cases, nearly identical effects were seen in both normalized and non-normalized firing rates.
To measure the stimulus selectivity, we broke songs into their motifs (ϳ1 s) and calculated the firing rates to each motif with inhibition intact and with inhibition blocked. Selectivity was calculated for each site using a well-established measure, sometimes referred to as lifetime sparseness (Vinje and Gallant 2000) Selectivity ϭ
where r i is the firing rate to the ith motif, and n is the total number of motifs. Selectivity values range from zero, in which a site responds equally to all motifs, to one, in which a site responds only to a single motif. Although this selectivity measure was developed for use with single-unit responses, it can still be applied to MU activity as an approximate lower bound for the selectivity of the constituent single units (Weliky et al. 2003) .
To estimate how much of the song response was completely masked by inhibition, we binned all responses into 50-ms bins. We considered a bin to be unresponsive if the firing rate during the bin was zero during all repetitions of the stimulus. We then computed the fraction of all bins that were responsive under blockade of local inhibition and subtracted the fraction that was still responsive with local inhibition intact. The resulting fraction measures the proportion of the underlying excitatory response that is masked completely by local inhibition. A negative fraction indicates that blockade of inhibition reduced the number of bins eliciting positive responses. Changing the bin size or raising the threshold for a bin to be considered responsive did not qualitatively alter the effects reported here.
Receptive fields were modeled using the maximally informative dimension (MID) technique, which is described in detail elsewhere (Sharpee et al. 2004) . Briefly, the MID filter was determined via gradient ascent optimization and simulated annealing to be the vector in the high-dimensional stimulus space (from the spectrogram) that maximized the mutual information between the spike response and the stimulus projected onto the vector. The nonlinearity was computed as
where P(x) is the distribution of stimulus-projection values onto the MID vector, P(x|spike) is the distribution of stimulus-projection values onto the MID vector that elicited spikes, and P(spike) is the overall probability of a spike. P(spike|x) thus gives the probability of observing a spike given a particular stimulus-projection value. The mutual information between the stimulus projected onto the MID filter and single spikes was evaluated as
where v is the stimulus projection. The total mutual information about single spikes was evaluated as
where the angled brackets denote an average overall stimuli (Sharpee et al. 2004) . The performance of the MID model was then computed as the percentage of the total information/spike, which is accounted for by the MID: I(v)/I spike ϫ 100%. Due to limitations in dataset size, only one filter of the MID could be computed reliably here. Each MID model was computed separately for learned and unfamiliar songs and is the average over four jack-knife subsets of each dataset. Five sites contained too few spikes to estimate the MID model reliably and were not included in the analysis. d= between the responses to go songs and no-go songs was computed as the absolute value of the difference in mean firing rates divided by the square root of the average of the variance in the firing rates over repeated trials. d= was computed separately for the inhibition-blocked and inhibition-intact conditions. Statistically similar results were obtained using a mutual information analysis and a receiveroperating characteristic analysis.
Statistical analysis. All statistical tests and associated P values are reported in the text. In all cases, significance was evaluated at ␣ ϭ 0.05.
RESULTS
To investigate the role of local inhibitory circuit function on learning-dependent auditory forebrain neural encoding, we trained starlings to recognize conspecific songs and then recorded neural spiking activity in NCM under local blockade of GABA A receptor-mediated inhibition (see MATERIALS AND METHODS). All subjects learned to recognize two sets of conspecific song segments using a go/no-go operant-training procedure (Fig. 1A) . Starlings learned the song-recognition task quickly, performing above chance after an average of 2,200 Ϯ 302 trials. The mean performance for all starlings on the final 100-trial block was 89.6 Ϯ 2.5% correct (Fig. 1A) . Following behavioral training, we recorded neural activity in dorsal and ventral NCM in response to the four training songs and to four unfamiliar songs. The selective blockade of GABA A receptors in a region around the recording site (see MATERIALS AND METHODS) caused a large, reversible increase in the spontaneous and the song-evoked firing rates (Fig. 1B) . On average, spontaneous spike rates increased from 3.52 Ϯ 0.43 Hz to 7.31 Ϯ 0.88 Hz in dorsal NCM (n ϭ 55 sites) and from 14.6 Ϯ 3.1 Hz to 20.6 Ϯ 3.6 Hz in ventral NCM (n ϭ 36 sites). Similarly, we observed significant increases in the mean song-driven spike rates in both dorsal (P ϭ 1.4 ϫ 10
Ϫ7
) and ventral (P ϭ 6.3 ϫ 10 Ϫ6 , paired t-tests for both regions; Fig. 1 , C-F) NCM. These observations are consistent with the presence of local GABAergic inhibition throughout NCM. Moreover, blocking inhibition in both dorsal and ventral NCM leads to a greater change in firing rate during the song-evoked response than during spontaneous firing when no stimulus is presented (dorsal: P ϭ 2.7 ϫ 10 Ϫ4 ; ventral: P ϭ 3.0 ϫ 10 Ϫ5 , paired t-tests; Fig. 1, G and H) . This supports the conclusion that the effects of local GABAergic inhibition increase above tonic background levels when the network is processing songs.
Blocking local inhibition alters learning-dependent plasticity. Learning modifies the neural activity in many regions of the songbird auditory forebrain (Gentner and Margoliash 2003; Jeanne et al. 2011; Thompson and Gentner 2010) . In NCM, these effects vary along the dorsal-ventral axis. In dorsal NCM, learned and unfamiliar songs evoke similar responses, whereas in ventral NCM, learned songs elicit significantly lower spiking rates than unfamiliar songs (Thompson and Gentner 2010) . Here, we ask whether local inhibition differentially influences neural responses to learned and unfamiliar songs in these two NCM regions. Figure 2A shows the response of an example MU site in dorsal NCM to learned and unfamiliar songs. Consistent with previous findings with inhibition intact, similar mean firing rates were elicited at this site by learned (3.4 Ϯ 0.9 Hz) and unfamiliar (2.8 Ϯ 0.3 Hz) songs. With inhibition blocked, however, the firing rate elicited by learned songs (12.1 Ϯ 3.0 Hz) was substantially greater than the rate for unfamiliar songs (7.5 Ϯ 0.6 Hz). Thus blocking local inhibition at this site reveals an underlying excitatory preference for learned over unfamiliar songs. This suggests that inhibition may serve to mask latent excitatory biases in NCM neurons.
On average, this masking effect was observed across our sample of dorsal NCM sites. With inhibition intact, learned and unfamiliar songs elicited similar firing rates in dorsal NCM (P ϭ 0.65, paired t-test; Fig. 2B ). With local inhibition blocked, however, learned songs elicited significantly higher mean firing rates (13.2 Ϯ 1.5 Hz) than unfamiliar songs (12.1 Ϯ 1.5 Hz; P ϭ 0.0082, paired t-test; Fig. 2B ). Consistent with the idea that inhibition blocks the effects of learning on dorsal NCM firing rates, directly comparing the data from both conditions in a single analysis revealed a significant interaction between learning and local inhibition [two-way repeated measures ANOVA; main effect of blocking inhibition: F (1, 54) ϭ 45.45, P ϭ 1.1 ϫ 10
Ϫ8
; main effect of learning: F (1, 54) ϭ 3.57, A: behavioral acquisition curve for the song-recognition task shows mean (ϮSE) percent correct (across subjects) for each consecutive 100-trial block during initial training and each subject's final 100 trials. Inset: schematic of behavioral training apparatus. B: effects of iontophoretic application of gabazine on neural responses at a multiunit (MU) caudomedial nidopallium (NCM) site. Top: song spectrogram, raster, and poststimulus time histogram (PSTH) of response with inhibition intact. Middle: raster and PSTH of response with inhibition blocked. Bottom: raster and PSTH of response during recovery from gabazine application. C and D: mean-driven firing rates when inhibition is intact and blocked and during recovery (Recov.) for all sites in dorsal (C) and ventral (D) NCM. E and F: normalized mean firing rates in intact, blocked, and recovery conditions for dorsal (E) and ventral (F) NCM sites. Repeated measures ANOVA: **P Ͻ 1 ϫ 10
Ϫ15
. G and H: evoked response [song-driven Ϫ spontaneous (spon) firing rates] with local inhibition intact and blocked in dorsal (G) and ventral (H) NCM. Paired t-tests: *P Ͻ 5 ϫ 10 P ϭ 0.064; learning ϫ inhibition interaction: F (1, 54) ϭ 17.77, P ϭ 9.5 ϫ 10 Ϫ5 ; Fig. 2B ]. Likewise, normalizing the responses of all sites to unit variance (see MATERIALS AND METHODS) did not change these results (Fig. 2C) . Therefore, the general increase in firing rates caused by blocking inhibition cannot explain the revealed response bias. Instead, our results suggest that local GABAergic inhibition masks a learning-dependent excitatory bias in dorsal NCM.
We next examined the role of inhibition on learning-dependent encoding in ventral NCM, where under normal conditions, most neurons elicit higher spike rates for unfamiliar songs than for learned songs (Thompson and Gentner 2010) . Figure 3A shows the response of an example MU site in ventral NCM. With inhibition intact, lower mean firing rates were elicited at this site by learned (60.4 Ϯ 5.7 Hz) rather than unfamiliar (72.6 Ϯ 4.0 Hz) songs. Although blocking inhibition increased the overall firing rate, the learned songs still elicited a lower mean response rate (101.4 Ϯ 6.4 Hz) than the unfamiliar songs (121.7 Ϯ 5.2 Hz). Similar effects held across all of the ventral NCM sites in our sample. On average, learned songs elicited significantly lower firing rates (42.8 Ϯ 9.0 Hz) than unfamiliar songs (45.8 Ϯ 9.4 Hz) with inhibition intact (P ϭ 5.5 ϫ 10
Ϫ4
, paired t-test; Fig. 3B ). With inhibition blocked, the mean firing rate evoked by learned songs (59.9 Ϯ 10.9 Hz) was still significantly lower than the mean rate evoked by unfamiliar songs (63.8 Ϯ 11.5 Hz; P ϭ 0.0016, paired t-test; Fig. 3B ). Considering the effects of learning and local inhibition together in a single analysis, we find that blocking inhibition did not alter the effect of learning on ventral NCM firing rates [two-way repeated measures ANOVA; main effect of learning: F (1, 35) ϭ 13.23, P ϭ 8.8 ϫ 10
; main effect of blocking inhibition: F (1, 35) ϭ 29.71, P ϭ 4.1 ϫ 10
Ϫ6
; learning ϫ inhibition interaction: F (1, 35) ϭ 3.38, P ϭ 0.075; Fig. 3B ]. As with dorsal NCM, normalizing the responses of all sites to unit variance (see MATERIALS AND METHODS) did not change these results (Fig. 3C) . The persistence of stronger responses for unfamiliar songs with the removal of local inhibition suggests that in ventral NCM, the excitatory components of evoked spiking responses are stimulus specific and shaped by learning. In particular, songrecognition learning decreases the effective excitatory drive (i.e., the response that remains after blocking local inhibition) on neurons in ventral NCM-the opposite of the increase in effective excitatory drive elicited by learned songs on neurons in dorsal NCM.
To control for the possibility that our results might be due to song acoustics rather than learning, we re-sorted the empirical response data (Figs. 2C and 3C ) by song identity rather than behavioral relevance. For example, instead of sometimes treating responses to a given song as "learned" and sometimes as "unfamiliar", depending on how a bird was trained, we average all responses to that song regardless of the training. If acoustic differences between songs explain our results, then the effects shown in Figs. 2C and 3C should remain or even strengthen when the response data are sorted this way. This was not the case, however; re-sorting responses by stimulus acoustics abolished all of the significant differences shown in Figs. 2C and 3C (P Ͼ 0.62 all cases, paired t-tests).
Overall, blocking local inhibition makes it apparent that learning induces substantial and diverse modulation of excitatory drive onto neurons throughout NCM. Whereas the cellular and circuitlevel processes mediated by local GABA A receptors do not alter the net excitatory preference for unfamiliar songs in ventral NCM, they sharply attenuate the excitatory preference for learned songs in dorsal NCM to yield similar responses to both learned and unfamiliar songs. Although we operationally define the border between dorsal and ventral NCM at 2,580 m (see MATERIALS AND METHODS) , there is likely a more continuous shift in response properties across the whole dorsal-ventral axis rather than a strict functional boundary (Thompson and Gentner 2010) . Consistent with this idea, the present results show a significant, negative correlation between the learning-driven response bias (learned Ϫ novel z-score firing rates) and the recording depth of each site ( Fig. 4 ; r ϭ Ϫ0.408; P ϭ 0.0001). Likewise, the change in this response bias produced by blocking inhibition (intact response bias Ϫ blocked response bias) is significantly correlated with depth (r ϭ 0.321; P ϭ 0.002), moving from large, negative values at dorsal sites to approximately zero in ventral sites.
Blocking inhibition impairs discriminability of learned categories. Because blocking inhibition altered firing rates in a learning-dependent manner, we hypothesized that it might also contribute to the neural encoding of behaviorally relevant song categories. To test this idea, we measured the discriminability of the average firing-rate responses to two sets of learned songs: those associated through operant training with go responses and those associated with no-go responses. During training, these two sets of songs required distinct behaviors and elicited distinct reward outcomes (see MATERIALS AND METHODS). On average, the differences between mean firing rates for go songs and no-go songs were small in dorsal NCM (inhibition intact: P ϭ 0.18; inhibition blocked: P ϭ 0.12, paired t-tests) and only marginally significant in ventral NCM, with inhibition blocked (inhibition intact: P ϭ 0.15; inhibition blocked: P ϭ 0.042, paired t-tests). Such comparisons between mean firing rates, however, may obscure large differences at individual sites if the signs of these differences are not consistent across sites, even though a difference in either direction may be equally informative for discrimination. To quantify this discriminability, we computed d=, a measure analogous to the signal-to-noise ratio, between the distributions of firing-rate responses to go and no-go songs (see MATERIALS AND METHODS). Figure 5A shows histograms of the distributions of firing rates to go and no-go songs for an example site. For this site, blocking inhibition substantially increased the overlap of response between these two song categories. To quantify this, we computed d= (see MATERIALS AND METHODS), a measure analogous to the signal-to-noise ratio. At this site, d= was greater with inhibition intact (2.49) than with inhibition blocked (1.40). On average, blocking inhibition impaired the discriminability of the go and no-go songs, with a d= of 1.07 Ϯ 0.10 when inhibition was intact and 0.98 Ϯ 0.10 when inhibition was blocked (Fig. 5B ). We observed a significant increase in discriminability among dorsal NCM sites (P ϭ 0.042, paired t-test; Fig. 5C ) but not among ventral NCM sites (P ϭ 0.89, paired t-test). This suggests that inhibition functions in dorsal NCM to enhance the firing-rate differences between songs associated with distinct behavioral responses and rewards.
Blocking inhibition does not alter spectrotemporal tuning. Because inhibition can alter the receptive-field properties of auditory cortical neurons (Andoni et al. 2007; Chen and Jen 2000; Dykes et al. 1984; Jacobs and Donoghue 1991; Muller and Scheich 1987; Ramoa et al. 1988; Sillito 1975; Thiele et al. 2004; Wang et al. 2002) , we investigated whether blocking inhibition affects average spectrotemporal tuning in NCM and whether this could underlie the learning-dependent effects of inhibition. We modeled the relationship between the song stimulus and the spiking response using spectrotemporal receptive-field models fit with the technique of MIDs (Sharpee et al. 2004 ) (see MATERIALS AND METHODS). Such models are composed of a dynamic linear filter that projects the highdimensional stimulus onto a single dimension and a static nonlinearity that relates each projection value to a neural firing rate. Figure 6 , A and B, shows a MID model of responses to learned songs (Fig. 6A ) and to unfamiliar songs (Fig. 6B) for an example site from dorsal NCM. For this site and most others, blocking inhibition did not substantially alter the average spectrotemporal tuning. However, the MID model for this site accounted for a greater percentage of the information/spike with inhibition blocked (25.6% for learned songs; 17.2% for unfamiliar songs) than with inhibition intact (19.1% for learned songs; 12.3% for unfamiliar songs). The observation that blocking inhibition increased predictability of spiking without altering spectrotemporal tuning was consistent throughout NCM. Across all NCM sites, we observed no reliable trend for changes in spectrotemporal tuning due to blocking inhibition. In particular, blocking inhibition did not alter the time of the peak excitatory component in the filter (model for learned songs: P ϭ 0.72; model for unfamiliar songs: P ϭ 0.67, paired t-tests; Fig. 6C of the filter (Fig. 6, D and E) . Likewise, blocking inhibition did not alter the frequency of the peak excitatory component in the filter (model for learned songs: P ϭ 0.85; model for unfamiliar songs: P ϭ 0.35, paired t-tests; Fig. 6F ) or the spectral profile of the filter (Fig. 6, G and H) . Thus differences in the average spectrotemporal tuning do not underlie the learning-dependent responses in NCM. However, blocking inhibition did increase the fraction of the information/spike, which could be accounted for by the MID models, both for learned songs (1.0 ϫ 10 Ϫ4 , paired t-test; inhibition intact: 11.5 Ϯ 0.8%; inhibition blocked: 14.0 Ϯ 1.0%; Fig. 6I ) and unfamiliar (1.8 ϫ 10
Ϫ7
, paired t-test; inhibition intact: 12.7 Ϯ 1.1%; inhibition blocked: 15.6 Ϯ 1.1%; Fig. 6J ) songs. These results suggest that local inhibition reduces the proportion of the neural response that can be explained by a single linear filter and that inhibition increases the complexity of NCM responses (e.g., by temporally specific reductions in firing rate), while not altering the average spectrotemporal tuning.
Inhibition shapes selectivity for complex sounds. We next explored how inhibition affected NCM responses in ways not described by the average spectrotemporal response properties. In some sensory systems, local inhibition increases the selectivity for specific sensory features by suppressing responses to other stimuli (Muller and Scheich 1987; Sillito 1975; Wang et al. 2000) . In songbirds, neurons in NCM respond preferentially to conspecific vocalizations and are selective for specific features of conspecific songs (Chew et al. 1996; George et al. 2008; Muller and Leppelsack 1985; Ribeiro et al. 1998; Stripling et al. 1997; Thompson and Gentner 2010) . We examined whether the selectivity for complex features of conspecific songs in NCM is also altered by local inhibition. Starling songs are composed of strings of unique acoustic units called motifs. To investigate selectivity, we divided songs into their constituent motifs (Fig. 7A ) and computed selectivity values (Vinje and Gallant 2000) across the firing rates to each motif with inhibition intact and blocked (see MATERIALS AND METHODS; Fig.   7B ). Motif selectivity values range from zero for sites that respond to all song motifs equally to one for sites that respond to only a single motif.
Local inhibition shaped selective representations in both dorsal and ventral NCM (Fig. 7C) . In dorsal NCM, blocking inhibition decreased the mean selectivity from 0.44 Ϯ 0.03 to 0.38 Ϯ 0.02 (P ϭ 4.0 ϫ 10 Ϫ5 , paired t-test). In ventral NCM, blocking inhibition decreased the mean selectivity from 0.30 Ϯ 0.05 to 0.23 Ϯ 0.04 (P ϭ 0.0039, paired t-test). Overall, selectivity with inhibition intact was significantly higher in dorsal sites than in ventral sites (P ϭ 0.011, paired t-test; Fig.  7C ). We observed similar effects within the subset of confirmed single units (see MATERIALS AND METHODS) in dorsal NCM (P ϭ 0.020, paired t-test; selectivity with inhibition intact: 0.76 Ϯ 0.04; with inhibition blocked: 0.60 Ϯ 0.07). A similar trend was seen in single units in ventral NCM, but the limited sample size precluded statistical analysis. Inhibition did not affect selectivity at all sites uniformly. On average, only those sites that were highly selective with inhibition intact saw a significant decrease in selectivity when inhibition was blocked (Fig. 7D) . Moreover, even after blocking local GABA A -mediated inhibition, some (or at some sites, all) selectivity remained (Fig. 7D ). This gabazine-resistant selectivity may reflect the contribution of GABA A -independent (including excitatory) processes and/or an incomplete GABA A receptor blockade. In either case, however, local inhibition plays a significant role in the generation of selective responses on average.
Blocking inhibition unmasks responses to specific song features. One way local inhibition could increase motif selectivity, while not affecting average spectrotemporal tuning, is by suppressing responses to specific song features. Consistent with this, we saw that blocking local inhibition revealed responses to portions of songs that evoked no response with inhibition intact. Figure 8A shows a MU site where blocking local inhibition reveals responses during several segments of the song. Similar effects are Blocking inhibition reduces responses substantially to some motifs but has relatively little effect on other motifs. B: relative firing rates of rank-ordered motifs normalized to the maximum firing rate (Max. F.R.) for inhibition intact (black) and inhibition blocked (red). C: mean (ϮSE) selectivity in dorsal and ventral NCM with and without inhibition. In both regions, inhibition increases selectivity. D: comparison of selectivity with inhibition intact (abscissa) and selectivity with inhibition blocked (ordinate). Line plot represents mean (ϮSE) selectivity with inhibition blocked for 4 quadrants of selectivity with inhibition intact (boundaries: 0, 0.25, 0.5, 0.75, 1). Paired t-tests: *P Ͻ 0.005; **P Ͻ 5 ϫ 10 observed in single neurons (Fig. 8B ) and thus are not likely caused by the recruitment of additional neurons to the MU response. As an initial analysis of these observations, we measured the selectivity of the net effectiveness of inhibition-the difference between firing rate with inhibition intact and with inhibition blocked (Fig. 8C ). This residual selectivity was distributed broadly for both dorsal and ventral sites but was, on average, higher in dorsal NCM than ventral NCM (P ϭ 0.0013, paired t-test, mean Ϯ SE; dorsal: 0.50 Ϯ 0.03; ventral: 0.35 Ϯ 0.04). We further quantified these residual responses by computing the fraction of each song that evoked positive responses with inhibition intact and asked if that fraction changed during blockade of local inhibition (see MATERIALS AND METHODS). We then asked whether responses were masked more often during learned or unfamiliar songs. In dorsal NCM, inhibition masked a greater fraction of responses during learned songs than during unfamiliar songs (Fig. 8D) . On average, local inhibition masked responses to 9.14 Ϯ 2.05% of the duration of each learned song but only 6.20 Ϯ 1.87% of the duration of each unfamiliar song (P ϭ 6.46 ϫ 10
Ϫ5
, paired t-test). These measures mirror the differences in average firing rates reported above in dorsal NCM (Fig. 2) and suggest that local inhibition in this subregion abolishes the bias for learned songs, in part, by masking more responses to features of learned songs than to unfamiliar songs. In ventral NCM, however, a similar number of responses were revealed during learned and unfamiliar songs (Fig.  8E) . Inhibition masked responses to 6.64 Ϯ 2.47% of the duration of each learned song and 6.89 Ϯ 2.42% of the duration of each unfamiliar song (P ϭ 0.60, paired t-test) . This is consistent with the lack of learning-dependent effects of inhibition in ventral NCM (Fig. 3) .
DISCUSSION
Learning alters sensory cortical representations (Buonomano and Merzenich 1998; Galindo-Leon et al. 2009; Weinberger 1995) , but how or even if GABAergic inhibition contributes to these changes is not known. Here, we show that local inhibition modulates song-evoked neural activity in NCM, a secondary auditory cortical region, in a learningdependent manner. This modulation takes two forms. First, inhibition masks a latent excitatory preference for learned songs in dorsal NCM. The masking is phenomenologically similar to the effects of peripheral sensory disruption on inhibitory function in somatosensory (Lane et al. 1997) and visual (Mower et al. 1984) cortices and the tectum (Zheng and Knudsen 1999) . This is consistent with the idea that multiple types of experience activate the same inhibitory mechanisms to reshape neural representations. Second, inhibition sharpens the encoding of learned song categories throughout NCM. Inhibitory modulation of categorical responses is novel and indicates that the effects of learning-dependent inhibition extend to complex representations that cannot be explained parsimoniously by the average spectrotemporal acoustics of the stimuli (George et al. 2008) . Similar circuitry may contribute to the encoding of learned categories observed in other regions of the songbird forebrain (Jeanne et al. 2011) . The learning-dependent inhibitory modulation in NCM is explained, in part, by changes in neural selectivity. We find that the GABAergic suppression of responses to features within learned songs (Fig. 8) , which clearly changes feature selectivity, underlies both the masking of the excitatory preference for learned songs (Fig. 2) and the overall selectivity for motifs (Fig. 7) . Enhanced neural selectivity is one of several well-described roles for GABAergic inhibition in sensory encoding (Muller and Scheich 1987; Sillito 1975; Wang et al. 2000) . Another reported role for inhibition is the sharpening of receptive fields (Dykes et al. 1984; Jacobs and Donoghue 1991; Ramoa et al. 1988) . We observed no significant changes, however, in the average spectrotemporal tuning of neurons in NCM (Fig. 6) . Thus learning modifies inhibitory function in NCM in ways that are consistent with known effects on selectivity but independent of measurable effects on receptivefield structure.
It is important that the observed changes in categorical encoding (Fig. 5) and selectivity (Figs. 7 and 8) are not caused by a saturation of the firing rates when gabazine is applied. In most cases (Figs. 1-3) , the increase in response during gabazine administration is proportional to the baseline response, and many of the responses evoked under gabazine are lower than responses to other song features without gabazine. If gabazine were saturating the firing rate, we would expect a much more uniform amplitude over the regions of song that show a change with inhibition blocked. The observed changes in selectivity also argue against the saturation hypothesis, since we see that 1) gabazine lowers selectivity but does not abolish it (Fig. 7C) , and 2) the shape of the rank-ordered, firing-rate curve (e.g., Fig. 7B ) is largely preserved. If firing rates were saturating, we would predict a much larger drop in selectivity and a curve showing an obvious plateau at the maximum response.
The decrease in motif selectivity observed when local inhibition is blocked in NCM is particularly robust. Previous studies have reported that inhibition increases selectivity for complex objects (Wang et al. 2000) and sounds (Muller and Scheich 1987 ) but relied on bicuculline, which has known non-GABAergic effects, to block GABA receptors (Kurt et al. 2006) . Our use of the specific GABA A receptor antagonist gabazine provides the first specific evidence that GABA A receptors contribute to the formation of selective forebrain responses to natural signals. Roughly 50% of the neurons in NCM are GABAergic, and most of the spontaneous currents observed in NCM whole-cell slice recordings are inhibitory (Pinaud et al. 2008) . Thus all of the neurons recorded and manipulated in the present study are likely receiving strong inhibition.
Because the effectiveness of inhibition is itself selective (Fig. 8C) , the actual inhibitory synaptic input is most likely selective as well. Blocking inhibition did not abolish selective NCM responses completely, however, so components of the excitatory input must also be selective, consistent with reports from the visual cortex when inhibition is blocked intracellularly (Nelson et al. 1994) . This selective excitatory input may come from other brain regions that contain selective neural responses, such as caudomedial mesopallium (CMM) (Gentner and Margoliash 2003; Meliza et al. 2010) . Intracellular studies in visual and auditory cortex show that inhibition and excitation have similar tuning in many neurons (Anderson et al. 2000; Marino et al. 2005; Wehr and Zador 2003) ; even in sites where inhibition and excitation are not similarly tuned, the inhibitory input can still be selective in its function (Monier et al. 2003) . Although further experiments that make direct measurements of excitatory and inhibitory currents in single neurons are needed, the results suggest that the selective co-tuning of these two inputs can extend to complex stimulus properties, such as familiarity. More generally, the results demonstrate a system in which learning modifies both inhibitory and excitatory circuitry and where inhibition plays a key role in shaping behaviorally relevant neural representations.
Consistent with inhibition increasing selectivity in NCM, our receptive-field analysis shows that inhibition also increases the complexity of NCM responses. With inhibition blocked, the fraction of spike information explained by the MID models was greater than with inhibition intact. However, blocking inhibition did not change the spectrotemporal receptive-field properties of NCM neurons, similar to findings from a recent study of NCM (Pinaud et al. 2008 ) but distinct from effects in multiple other brain areas (Andoni et al. 2007; Chen and Jen 2000; Dykes et al. 1984; Jacobs and Donoghue 1991; Muller and Scheich 1987; Ramoa et al. 1988; Sillito 1975; Thiele et al. 2004; Wang et al. 2002) . Our results show that without inhibition, the same average spectrotemporal feature becomes a better predictor of actual spike activity. This effect is mediated, in part, by the GABAergic masking of temporally specific responses (Fig. 8) . GABA A -mediated inhibition plays a fundamental role in the circuitry that yields neurons with highly complex response properties, and learning modifies this role.
Given that learning selectively biases excitation throughout NCM, why would inhibition specifically mask one form of this plasticity at dorsal sites? One possibility is that this relates to the differential encoding of learned categories in NCM. Increasing the average excitatory drive for learned songs provides a greater suprathreshold range over which inhibition can function to encode behaviorally meaningful representations. Although inhibition counteracts the average increase in excitatory drive in dorsal NCM, it does so in a manner that sharpens the discrimination of songs associated with go responses from songs associated with no-go responses. Consistently, in ventral NCM, where learning reduces firing rates, and inhibition does not affect responses to learned songs differently from unfamiliar songs, the discriminability (i.e., d=) between go and no-go songs is weaker than in dorsal NCM.
The observed differences in response properties between dorsal and ventral NCM replicate previous results of encoding differences along the dorso-ventral axis of this region (Thompson and Gentner 2010) . Both the past and the present study are consistent with the idea that there are fundamental shifts in the way that learned features of songs are processed along this axis. It is important that although both studies define an operational boundary between dorsal and ventral NCM, the reported processing differences likely reflect a more continuous change in processing across this axis rather than a categorical shift in function at a specific anatomical boundary (Fig.  4) . The understanding of how this functional dimension corresponds to changes in the local circuitry of NCM requires further study. There is, however, some suggestion of a dorsoventral topography to NCM in the pattern of projections from field L subregions (Vates et al. 1996) . Primary NCM afferents arise from the nucleus ovoidalis shell and fields L2 and L3, and these are most dense in the rostro-ventral portion of NCM. CMM is also densely interconnected to NCM, but these projections ramify widely throughout NCM, which itself is densely interconnected. One possible (albeit overly simplistic) pathway may involve the integration of ascending information in the more rostro-ventral regions prior to processing within NCM proper, followed by additional convergence into CMM.
A second function of inhibition in dorsal NCM may be renormalization. Multiple studies of learning-dependent plasticity suggest that the number of cortical neurons that respond best to training stimuli increases substantially during the initial stages of learning but then normalizes back to the initial state, even though behavioral performance continues to remain high (Reed et al. 2011; Yotsumoto et al. 2008) . This suggests that a cortical over-representation of all training stimuli is only present during the initial stages of learning and that other, perhaps more subtle, representations persist to support the animal's continued performance. Because of the masking of the firingrate preference for learned songs that we observed in dorsal NCM, we speculate that inhibition may be a critical mechanism for renormalizing cortical responses after the initial stages of learning. Consistently, all of the starlings used in this study performed the behavioral task with high accuracy for many trials following initial learning, and recordings were performed at a time when cortical map plasticity would be expected to have renormalized (Reed et al. 2011) . Confirmation of this idea, however, will require a carefully controlled comparison of the excitatory and inhibitory effects on experience-dependent plasticity at various time points during the learning process.
One limitation in the interpretation of our data is that most of our recording sites were MU clusters rather than single neurons. In principle, it is possible that individual neurons may drift in and out of the recorded voltage signal. Our analysis of firing rates during the recovery period (Fig. 1, E and F) , however, shows nearly complete recovery in both dorsal and ventral sites, suggesting that the neuron clusters are stable over time. Another concern relates to the heterogeneous composition of the recorded clusters; roughly one-half of the neurons in NCM are GABAergic (Pinaud et al. 2008 ). Thus we cannot distinguish the local inhibitory effects on excitatory neurons from the effects on inhibitory neurons. This distinction will be important to further understand the function of the local inhibitory circuitry in processing learned signals.
The present study is also limited in that we cannot know exactly the spatial extent of gabazine diffusion. Published reports using gabazine with similar ejection currents and slightly longer durations, but in somatosensory cortex, suggest that a radius of detectable response changes of ϳ350 m around the recording site is a reasonable estimate (Foeller et al. 2005) . Because the iontophoresis pipette was in close proximity to the recording electrode, gabazine likely influenced GABA A receptors most strongly near the soma, with a much weaker (or nonexistent) effect on the more distal dendrites. In addition, our iontophoresis protocol also likely enhanced the excitation of neighboring neurons by blocking some of their inhibitory input. If these neighbors are presynaptic to the recorded neurons, this may partially contribute to the observed increase in responsiveness. The effects of blocking local inhibition reported here are therefore likely to be the joint result of cellular and local network effects. Because the microcircuitry of NCM is not known, however, there could be physiological effects well beyond the spatial spread of gabazine. Such distant network effects could theoretically also contribute to the effects that we observe here. Because of the proximity between the iontophoresis pipette and the recording electrode, these effects are likely small. Determining the role of distant network effects in future work will help to delineate the nature of NCM microcircuitry. Importantly, because we randomized our presentation of learned and unfamiliar songs, the learning-related differences that we observe cannot be attributed to variability in the effectiveness of the GABA A receptor blockade over the duration of each experiment. Whereas the precise effects of learning on local inhibitory microcircuitry and the direct synaptic contribution of inhibition in single neurons will require further study, our results clearly show the importance of inhibition for the encoding of learned information in NCM.
By combining controlled behavioral experience with pharmacological manipulation of local inhibitory circuitry, we demonstrate that local inhibition plays an important role in NCM to enhance the encoding of behaviorally relevant songs. This occurs concurrently with some well-established effects of inhibition, including reducing response strengths and increasing selectivity but independently of another reported effectthe sharpening of spectrotemporal-receptive fields. Collectively, our results suggest that inhibition does more than enhance neural tuning functions: it can modify neural coding to better represent behaviorally important stimuli.
